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ABSTRACT 
An electron microscope study has been made of vitally stained single cells whose cytoplasm 
has been subjected to a localized ruby laser microbeam. Light and moderate laser absorp- 
tion  (the  resultant of stain concentration and  laser  energy density)  produced  restricted 
selective damage of mitochondria in cells stained with Janus green B; heavy laser absorption 
resulted in mitochondrial damage,  as  well  as  in nonselective interaction with other  cell 
structures. With four other basic vital stains, the polysomes,  ergastoplasm,  mitochondria 
and other organelles at the irradiated site were uniformly damaged. Unstained cells showed 
no morphological alterations. With light primary damage (that restricted to the irradiation 
site),  no secondary effects of the incident radiation were observed. With moderate primary 
damage, however, secondary damage of the mitochondria in the unirradiated cell portions 
was produced,  which was reversible within 4  hr after irradiation. Heavy primary lesions 
caused severe secondary alteration of all cell structures that was irreversible and cell death 
occurred within 2 hr.  Surviving ceils examined 24 hr after light and moderate irradiation 
could not be distinguished from unirradiated controls. The possible  mechanisms involved 
in the production of laser-induced cellular alterations are discussed. 
INTRODUCTION 
Low-power  ruby laser microbeam-irradiation of 
living,  nonpigmented  cells  does  not  produce 
readily perceptible reactions;  however,  in  natu- 
rally pigmented cells such as erythrocytes, certain 
infusoria and plant cells, or in vitally stained cells, 
a  visible morphological effect  is  produced,  pre- 
sumably because of the absorption of laser energy 
by appropriate chromophores (3, 5, 5,  17, 28-30). 
It has been shown that extremely small, invisible 
amounts  of  dye  are  sufficient  to  produce  this 
effect  (3,  6).  Bessis et al.  (5)  have postulated that 
a  selective  interaction  of  the  laser  beam  with 
stained  subcellular structures  could  be  expected 
when  adequately  selective  vital  stains,  proper 
stain  concentrations,  and  laser  intensities  were 
chosen.  Such  a  specific  interaction  with  mito- 
chondria in living tissue culture cells stained with 
Janus green B  (JGB)  has been demonstrated by 
electron microscopy (2). 
The effect produced in a living cell by coherent, 
monochromatic  light  concentrated  in  a  very 
small  cytoplasmic  area  is  of  interest  also,  both 
with  respect  to  primary effects  produced  at  the 
irradiation  site  and  with  respect  to  secondary 
effects  produced  in  nonirradiated  parts  of  the 
cell.  The  latter  phenomenon has  been  demon- 
11 strated  in  other  partial-cell  irradiation  experi- 
ments.  Ulrich  (33)  showed that  X-irradiation of 
the  cytoplasm  of Drosophila eggs  can  affect  the 
cell  nucleus.  In  chick  fibroblasts  subjected  to 
localized  alpha-particle  irradiation,  Clegg  (8) 
observed  spreading  of  the  induced  damage. 
Secondary  effects  of  ruby  laser  irradiation  in 
living cells have been studied with respect to cell 
survival or division rates (3,  6,  30),  chromosomal 
abnormalities  (29),  the  effect on  RNA  synthesis 
(35),  and the activities of oxidative enzymes (32). 
In  the  investigations  just  cited,  laser-induced 
damage  has  been  studied  with  the  light  micro- 
scope;  in  the  present  work,  such  damage  is  in- 
vestigated  at  the  ultrastructural  level.  Single 
cells subjected to a localized ruby laser microbeam 
were  studied  with  the  electron  microscope;  the 
results are presented under the following headings: 
(1)  the  primary  radiation  effect in JGB-stained 
cells as  a  function of absorption  (the resultant of 
stain concentration and laser energy density), the 
location  and  the  extent  of the  primary  damage 
being  evaluated  with  the help  of horizontal  and 
vertical sections of irradiated cells; (2) the primary 
radiation  effect in  cells  stained  with  other  basic 
vital  stains;  (3)  the  secondary  radiation  effects 
evoked in  unexposed portions of irradiated  cells; 
(4)  comparison of the morphology of treated cells 
at 2, 4, and 24 hr postirradiation. 
MATERIALS  AND  METHODS 
Laser  Microscope 
The  apparatus  employed has  been  described by 
Bessis et al.  (5).  The air-cooled Laser consisted of a 
ruby  rod,  40  mm long and  3  mm in diameter,  and 
an excitation xenon flash tube of silicon whose energy 
was supplied by a  160/.d.  condenser charged  to  2.6 
kv. The total energy output of the laser was 0.5 joule 
with a pulse duration of approximately 500 #sec; the 
emitted  wavelength was  6943  A.  By  the  use  of  a 
6-fold  ocular  and  a  40-fold  objective  (numerical 
aperture, 0.65)  one obtains a calculated spot diameter 
of approximately 5.8  /.~  (Dr.  G.  Nomarski,  personal 
communication).  The  energy  could  be  varied  by 
means  of  a  graded  neutral  density  filter  placed 
between the  laser  and  the  microscope.  A  beam  of 
ordinary visible light, that traveled the same optical 
path  as  the  laser  beam,  was  used  in  selecting the 
target  to  be  irradiated;  alignment  was  made  with 
the aid of a test object prior  to the beginning of ex- 
perimentation. All experiments were performed with 
a  normal  phase-contrast  microscope;  a  long-focal 
length condenser was employed when Rose chambers 
were used. Observation of cells during the irradiation 
procedure  was  possible  by  means  Of  integrally 
mounted television equipment. Photographs of each 
cell were  taken  before irradiation,  with the  spot of 
ordinary light marking the site to be irradiated, and 
after irradiation with a  16 turn film camera that was 
incorporated into the system (40 American Standard 
Association negative fihn). All experiments were done 
at room temperature. 
Cells 
KB  epithelial  cells  (ll)  and  BHK21-C13  fibro- 
blasts  (16)  were used.  The former were cultured in 
casein  hydrolysate  medium  (14),  and  the  latter  in 
Eagle's  medium  (12).  Both  media  contained  100~ 
(20%  for  long  term  experiments)  inactivated  calf 
serum; phenol red  was used  in some of the experi- 
ments. The stock  cultures were grown continuously 
by  trypsinization every  l0  days  for  the  KB  cells, 
every 8 days for the BHK21-C13 cells. 
The cells  used in the experiments were subjected 
to  trypsin  (0.25%  trypsin  of the  Pasteur  Institute, 
in buffered 0.9% NaCI, pH 7.2)  for 30 rain at 37°C. 
Two  ml  of a  suspension with  50,000  cells/ml were 
put into individual Leighton tubes where they grew 
on slides whose preparation will be described below. 
The cells were kept at 37°C and used for the experi- 
ments  48  hr  after  preparation.  Culture  chambers 
(25,  26)  filled with  2  ml  of cell suspension (50,000 
cells/ml) were used when cells were to  he fixed for 
the electron microscope at 2, 4, or 24 hr after irradi- 
ation.  The  preparation  of their  cover  slips  will  be 
described below. 
A  few  experiments were  performed  with  rabbit 
macrophages collected from the peritoneal cavity  12 
hr after the injection of 200  ml of Subtosan (RhSne- 
Poulenc, Paris). They were resuspended in autologous 
plasma, then used directly. 
Preparation  of Slides  and Coverslips (Fig. 1) 
Three guide circles, each with a diameter of 3 to 4 
ram, were made with a diamond marker on the lower 
surface of small glass slides (47  X  13  X  1 ram) ; the 
distance between them was such that only one circle 
could be covered by  a  single embedding capsule. A 
partial circle (Fig.  1 a),  having  a  diameter of 200  to 
400  /z,  was  then  made  with  an  eccentric diamond 
scribe on the slide's upper surface within the bounds 
of  each  guide  circle.  The  slide  was  coated  with 
Foruwar  (0.2%  solution  in  dichloroethylene), then 
dried for  at  least  24  hr  before use.  The cover slips 
(Fig.  1 b)  measured 32  X  11  X  0.1  ram.  On  both 
ends of their lower surface a thin layer of nail polish 
was applied to provide support. 
The  lower cover slip of each  Rose  chamber had 
four 200 to 400/z circles cut on its inner surface; each 
of these,  in  turn,  was  marked  with  a  guide  circle 
drawn on  its outer surface with  a  wax  pencil.  The 
12  THE  JOURNAL  OF  CELL  BmLoGv  •  VOLUME 31, 1966 internal  surface was  covered  with  a  Formvar  sheet, 
fixed  to  the  glass  by  an  Epon  ring,  to  prevent  its 
removal  by the culture  fluid. 
Vital Staining 
Janus green B  in  a  concentration of 8  X  10  -4  to 
4  X  10  -6 was put directly into the Leighton tube or 
the  culture  chamber  and  the  cells  were  stained  for 
30  min  at  37°C.  The  concentrations  for  nile  blue, 
toluidine  blue,  cresyl blue,  and  methylene blue were 
6  X  10  -4to 5  X  10  -5. 
photographs were  taken  at  1-  to  4-hr  intervals  after 
irradiation  (for  details,  see  reference  3).  Fixation 
was carried  out at selected times as described  below. 
Preparation  of  the  Cells for 
Electron  Microscopy 
Fixation, following a  modification of the  technique 
of Robbins and Gonatas  (24),  was carried out on  the 
slide  according  to  the following schedule:  (a)  5  rain, 
1.25% glutaraldehyde in Tyrode's solution  (pH  7.3) ; 
(b)  15  rain,  1.0(yc  OsO4  in  semi-isotonic  Tyrode's 
FIGURE  1  Diagrams of the slide-cover slip preparation. Fig. 1 a, as seen from above;  Fig.  1 b, in lateral 
view;  Fig.  1  c,  enlarged portion  of Fig.  1  b.  The 3  to  4  nun guide circles  (dashed line in Fig.  1 a)  were 
cut in the lower surface of the slide with a  diamond marking pencil. Within each, on the upper slide sur- 
face,  a  partial  circle  ~00 to  400 #  in diameter was cut with an eccentric diamond scribe.  Cells grow on 
the Formvar sheet covering the slide. The distance between slide and coverslip is less than 0.1  mm. 
Irradiation  Procedure 
The  slide  containing  the  vitally  stained  cells  was 
taken  out  of the  Leighton  tube  and  covered  with  a 
cover slip  (Fig.  1  ). Under low power a  group o1  1 to 6 
cells lying adjacent to  one of the circles  (Fig.  2)  was 
chosen  and  a  diagram  showing  its  position  with 
respect  to  the circle  was  made.  Then,  under  higher 
magnification, the spot of ordinary light was focused 
on the part of the cell to be irradiated,  the irradiation 
was carried  out,  and  its effect,  which could  be  seen 
immediately on  the  television  screen,  was  recorded. 
As  part  of the  routine  observation  procedure,  each 
cell  was  photographed.  On  the  average,  the  cells 
remained  on  the  microscope  stage  10  to  15  min. 
The cover slip,  30 to  60 see after laser exposure, was 
floated off by dipping the preparation  vertically into 
Tyrode's solution. Then the cells were fixed and proc- 
essed for the electron microscope. 
For the long term experiments the Rose chambers 
were inverted and put directly under the microscope. 
Thus,  the  cells  to  be  treated  were  on  the  under 
surface of the cover slip which faced the objective. To 
facilitate  later  identification  of the  individual  cells, 
solution  (pH  7.3);  (c)  35  rain,  a  mixture  of  1.0% 
OsO4,  2.0%  C2HsOH,  1.0%  Formalin  in  quarter- 
isotonic Tyrode's solution without Ca  (pH  8.3; 4°C). 
After being washed in distilled water,  the slides were 
placed  in  uranyl  acetate  for  1  hr,  dehydrated  with 
ethyl  alcohols  (30  rain  each,  starting  in  70~o),  then 
put through two changes (30 min each) of propylene 
oxide,  and  fnally  embedded  in Epon  (15).  For final 
inclusion, the Epon-filled half of a  gelatin capsule was 
inverted  over  the  circle  containing  the  irradiated 
cells.  A  second capsule  on  an  adjacent  circle  served 
as  a  control.  Polymerization  was  carried  out  for  16 
hr  at  37°C,  24  hr  at  45°C,  and  1  to  5  hr  at  60°C. 
After  the capsule  had  been  removed  from the slide, 
it was returned  to  60°C for 48  hr.  Dry  ice was used 
in freeing the capsule from the slide  after  the excess 
Epon  around  the  capsule's base  had  been  removed. 
On the surface of the freed capsule, the impression of 
the  circle  and  the  irradiated  cells  can  be  seen  in 
mirror  image  (Fig.  3).  A  truncated  pyramid,  50  to 
100  It  on  an  edge,  with  the  irradiated  cells  on  its 
surface, was cut from the capsule  (Fig.  4).  Unirradi- 
ated cells were removed during the trimming process. 
The  surface  of the  pyramid  was  oriented  so  that  it 
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8~6 ~t) shown in Fig. 1. (The circle is drawn with a tail to provide for more precise location of the treated 
cells.) Arrow: e cells to be irradiated. Phase-contrast, )<  le7. 
FIGURE 3  The same cells as in Fig.  ~ after irradiation, fixation, embedding in Epon, and polymeriza- 
tion, now shown in mirror image on the surface of the Epon capsule after the latter had been removed 
from the slide. The impression of the circle and the e  irradiated cells  (arrow)  can be identified easily. 
Bright field, X  114. 
Fmva~ 4  The ~ irradiated ceils on the surface of the cut pyramid before sectioning. At the upper left 
is a  part of the circle impression. The pyramid surface is 71 #  square.  Phase-contrast,  X  456. 
was  parallel  with  the  edge  of the  microtome knife, 
and horizontal sections were cut from the spread cells. 
Since  the  knife  encounters  the  cell  on  its  first pass, 
proper  orientation  of the  capsule  is  of utmost  im- 
portance.  With  an  automatic  feed it was possible to 
cut  30  to  60  sections  (600  to  800  A  thick)  through 
each  cell.  The  sections  were  poststained  with  lead 
citrate  (22)  and examined under the electron micro- 
scope. The exact area irradiated  could  be identified 
with the aid of the phase-contrast photograph and the 
diagram  made  earlier. 
To study the depth and the size of the primary laser 
lesion,  and  to  determine  whether  or  not  the  cell 
membranes  were  affected,  the  above  technique was 
modified slightly so that vertical sections of an irradi= 
ated cell could be made. After 24 hr of polymerization 
at  60°C,  a  prisnflike  block  was  cut  from  the  Epon 
cylinder  under  the  dissecting microscope.  This  was 
done in such a  way that  the irradiated  cells were  at 
the edge of the upper surface of the block  (Fig.  5  a). 
The  prism  was  reoriented  and  attached  with  Epon 
to the base of the cylinder (Fig. 5  b), then returned to 
60°C for 24 hr. Next, a pyramid was cut as usual and 
the ceils were sectioned under  these conditions. The 
irradiated  part  of the  cell was  oriented  towards  the 
mierotome knife. 
RESULTS 
Janus  Green B 
LIGHT  PRIMARY  DAMAGE  1  With  low-level 
laser  absorption  we  observed,  under  the  phase- 
contrast microscope immediately after irradiation, 
one  or  two  irregularly  shaped  black  granules  in 
the irradiated  part of the cytoplasm; their greatest 
dimension was  2.8  #.  Fig.  6  shows an  example  of 
this  type  of damage;  the  granule  covers  2.4  #2 
which  is  approximately  1/~00 of  the  whole  cell 
surface.  (This  fraction varied in  other  cells  from 
~00  to  1/~00. )  There  are  no  signs  of secondary 
damage;  the  nucleus  and  other  parts  of the  cell 
1 "Primary  damage"  is  used to  designate a  morpho- 
logical  alteration  produced  at  the  irradiation  site; 
"secondary damage"  is defined as a  change induced 
in  parts  of  the  cell  that  have  not  been  sut~iected 
directly to the microbeam. 
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changed. 
In  this group,  4  cells  were  examined  with  the 
electron  microscope.  At  the  irradiation  site  one 
observes a  striking alteration of the mitochondria. 
Their  interiors  were  filled  with  electron-opaque 
material; cristae and inner and  outer membranes 
were only partially preserved  (Fig.  8  a,  b,  and d). 
In  the  section  in  Fig.  8  b,  several  mitochondria 
form  a  large  black  mass  in  which  only  remnants 
of double membranes are visible. A  section taken 
from  a  region closer to  the upper  cell  membrane 
shows  only  two  altered  mitochondria  (Fig.  8  d), 
and  the  electron-opaque  material  is  limited  to 
them. The total number of mitochondria damaged 
by  a  single  pulse  is  difficult  to  estimate.  ]-he 
other  cell  structures  in  the immediate  vicinity of 
altered  mitochondria  or  even  between  them,  i.e. 
parts which have been exposed  to the laser light, 
do  not  show  striking  morphological  alterations. 
No  secondary radiation damage can be detected; 
cell  parts  outside  of  the  irradiated  region  are 
intact (Fig.  8 c). 
MODERATE  PRIMARY  DAMAGE:  In  cells  in 
which  moderate  laser  absorption  had  occurred, 
phase-contrast  examination  showed  that  one  or 
two  black granules,  up  to  5.5  #  in  their greatest 
dimension,  were  produced  in  the  cytoplasm.  In 
some  cases  the  granules  formed  a  mass  with  a 
light  core  that  often  contained  a  temporary  gas 
bubble;  in  other  instances  the  lesion  was  sur- 
rounded  by  a  light  halo.  Light  core  or  halo  did 
not  seem  to  be  effects due  to  the  optical  charac- 
teristics  of the  phase-contrast  since  they  retained 
their  identity  when  changing  the  focal  level  of 
the microscope.  This level of damage is illustrated 
in  Fig.  7.  The  2  granules,  which measure  5.3  by 
4.1  #,  cover an area  that occupies approximately 
1/~20  of  the  total  cell  surface.  (This  fraction  in 
other cells varied from  l/~ 0  to 1/~20. )  No signs  of 
secondary  damage  are  seen in  other  parts  of the 
cell. 
In this group,  32  cells  were  examined  with the 
electron microscope. Figs. 9 and  l0 are representa- 
tive of findings in KB cells. In Fig. 9 b the primary 
damage is visible as a  large electron-opaque mass 
on whose  periphery  remnants  of outer  and  inner 
mitochondrial  membranes  are  seen.  Nearby, 
CELLS 
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FIGURE 5  Diagrams showing how cells were reoriented for vertical sectioning.  Fig.  5 a  Epon  cylinder 
out of  which a  prismlike block was  cut.  The  irradiated cells  can be seen on the  upper surface of the 
block. Fig. 5 b The block is shown in its  new position on  the base of the cylinder with the pyramid cut 
on its upper right surface. Sections will be cut at right angles to the original upper surfaces of the cells. 
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with  electron-opaque  material,  are  recognizable. 
Ergastoplasmic lamellae and polysomes, which are 
between them and  the central  mass,  are morpho- 
logically intact,  as  are  parts  of the  nucleus  lying 
in  the  irradiated  zone.  Primary  damage,  several 
sections  closer  to  the  upper  cell  membrane,  is 
shown  in  Fig.  9  c.  At  least  five  mitochondria, 
whose contours are still discernible in the periphery 
of  the  electron-opaque  material,  are  clumped 
together as a  result of the irradiation; in one place 
cristae are evident.  The restriction of the damage 
to  the  mitochondria  is  striking.  In  one  place  the 
nucleus,  only  155 m# from the lesion, is unaltered 
morphologically. 
An analysis of all the sections through  this par- 
ticular cell showed  that  the  primary  damage  was 
located  some  distance  from  the  cell  membrane. 
This  was  corroborated  by  a  study  of  vertical 
sections  through  cells that  exhibited  similar reac- 
tions  under  the  phase-contrast  microscope.  For 
example,  in  one cell 5.1  #  thick in  the irradiated 
area,  the  damage  began  1.1  #  below  the  upper 
cell  membrane  (the  one  closest  to  the  objective 
during  irradiation)  and  ended  approximately  1.2 
/z  above  the  lower  membrane.  Both  membranes 
were  intact,  as  was  the  cytoplasm  lying  between 
them  and  the  damaged  organelles.  In  this  case 
the  damaged  region  constituted  approximately 
~00  of the volume of the whole cell. 
With  phase-contrast  the  primary  damage  ap- 
pears larger than in a single, given electron micro- 
scope section.  This is because the optical image of 
the  damage  is  the  sum  of  all  ultramicroscopic 
planes.  The  extent  of the  damage  in  each  plane 
is limited  by  the  diameter  of the impinging  laser 
beam;  within  this  limitation  it  depends  on  the 
number  and  position  of  the  JGB-stained  mito- 
chondria present. 
Most  cell  structures  outside  of  the  irradiated 
region (polysomes,  ergastoplasm,  Golgi apparatus, 
centriole,  nucleus,  nucleolus,  and  nuclear  mem- 
branes)  exhibited  no  signs of secondary  radiation 
damage. By contrast, the mitochondria had under- 
gone a  striking change,  being greatly swollen and 
having  lost  their  cristae  (Fig.  10).  The  matrix  of 
each was light or had been transformed into granu- 
lar,  electron-opaque  material  condensed  on  the 
smooth  inner  membrane;  the  latter  occasionally 
had fragments of cristae on its surface. 
Results  similar  to  those just  described  for  KB 
cells  were  obtained  also  with  laser-irradiated 
fibroblasts.  Such a cell is shown in Figs.  12 and  13. 
The  limitation  of  primary  damage  to  the  mito- 
chrondria  is clearly evident.  In the  nonirradiated 
region  of  the  cell  two  different  mitochondrial 
populations  are  seen.  Most  of  the  mitochondria 
show  secondary  damage  similar  to  that  already 
described  for the  KB cells  (Fig.  12  d).  In  3  cells, 
however, there were a few mitochondria possessing 
recognizable cristae  as well as  a  great  number  of 
electron-opaque granules (Fig.  13). 
MORPHOLOGY  OF  THE  CELLS  WITH  MOD- 
ERATE  PRIMARY  DAMAGE  FIXED  AT  c),  4,  OR 
24  HR  POSTIRRADIATION  :  Long term  studies 
with  the  phase-contrast  microscope  showed  that 
cells  with  moderate  damage  survived  the  ir- 
radiation  (3).  To  study  primary  and  secondary 
mitochondrial  damage  as  a  function  of  survival 
times,  we  fixed  cells  for  the  electron  microscope 
at  different  times  after  irradiation.  Seven  cells 
were examined  2  hr,  and  7 cells 4  hr,  after treat- 
ment.  The  results  in  both  instances  were  similar. 
When compared with the results obtained directly 
after  irradiation,  two  differences  were  evident. 
FIGURE 6  Photoinicrographs of vitally stained  KB ceils before  irradiation Fig. 6 a, with 
spot of visible light (arrow)  marking site to be irradiated  Fig. 6 b, and immediately after 
exposure to the  ruby laser microbeam  (incident energy 0.0~6 joule)  Fig.  6 c. The black 
mass  (arrow in Fig.  6 c)  characterized as light primary damage was  produced at the ir- 
radiation site.  JGB  (1.6 X  10  5)  was applied 45  nfin prior  to  exposure.  Phase-contrast, 
X 850. 
FIGURE 7  Description as given in Fig. 6. Arrow in Fig. 7 b: Site to be irradiated. The two 
black granules  (arrow in Fig. 7 c)  which were produced by exposure  to an  incident lasel. 
energy of 0.06~, joule are characterized  as  moderate  primary damage.  JGB  (~  X  l0  -5) 
was applied 50 rain prior to irnldiation. Phase contrast,  X  850. 
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radiated  region  was  scattered  over  a  large  zone 
rather  than  occurring  in  clumps  (Fig.  15  b).  It 
was  found  partially  in  slightly  vacuolized  mito- 
chondria with preserved cristae,  partially in mito- 
chondria without cristae but with preserved inner 
and  outer  membranes,  and  partially  in  loose 
contact  with  fragments  of  membranes.  The 
second  and  more  noteworthy  difference  was 
found  in  the  mitochondria  outside  the irradiated 
region. The majority, even those in the immediate 
vicinity  of the  primary  damage,  were  normal  in 
structure  with  well  preserved  cristae  (Fig.  15  d); 
a  small number of the latter showed vacuolization. 
The  prominent secondary  mitochondrial damage 
visible directly  after  irradiation  was  missing.  All 
other cell components showed typical structure. 
In  the  8  cells  fixed  24  hr  after  irradiation,  no 
alteration  in  the  region  of  primary  damage  has 
been found.  Such cells could  not be distinguished 
from controls. 
HEAVY  PRIMARY  DAMAGE :  A  cell that had 
just absorbed a  large dose of laser radiation, when 
viewed  with  phase-contrast,  exhibited  what  ap- 
peared  to  be  a  hole  or  a  dark-rimmed  cavity 
(about  10  /a  in  diameter)  at  the  focal  point  of 
the  beam.  Other  manifestations  of damage  often 
included the transient appearance of a gas bubble, 
the formation of blebs at the cell surface,  the loss 
of  contrast  in  both  cytoplasm  and  nucleus,  the 
arresting  of  intracellular  movement  and,  in  ex- 
treme  cases,  cell  fragmentation.  As  might  be  ex- 
pected,  most  cells  died  within  2  hr  after  being 
irradiated  (3). 
In  this  group  of  10  cells  examined  with  the 
electron microscope,  there were prominent altera- 
tions  in  the  irradiated  region  consisting  of large 
electron-opaque  masses with light,  structure-poor 
centers.  Remnants  of  double  membranes  were 
visible in  such lesions.  Other  cell structures  were 
often involved also,  e.g.,  in four instances a  small 
part  of  the  nucleus  and  the  nuclear  membrane 
and,  in  one,  the  eccentrically  located  nucleolus 
were  affected.  In  most  cases  the  cell  membrane 
was  disrupted  over  the  primary  damage,  and 
heavy secondary damage of all cell structures was 
observed.  The  cytoplasm  had  lost  contrast  and 
was partially empty, and the number of polysomes 
per  surface  unit  appeared  to  be  decreased  com- 
pared  with controls.  Many  mitochondria showed 
partial  loss  of  cristae,  as  well  as  the  alterations 
described  above; often they were  uniformly filled 
with  dense  material  which  obscured  the  cristae. 
The ergastoplasm was dilated and often disrupted; 
centrioles and fibers were  preserved,  while micro- 
tubules  had  disappeared.  The  nucleus  had  low 
contrast  and  its  chromatin  was  condensed  into 
small,  scattered  islands; its membrane  was  intact 
except where it had sustained direct damage.  The 
nucleoli  in  5  of the  10  cells  were  more  compact 
than  usual.  In  the  one instance in which  part  of 
the  nucleolus  was  involved  in  primary  damage, 
its unirradiated portion showed essentially normal 
morphology. 
Other  Vital  Stains 
This group includes  12 cells vitally stained with 
nile blue, toluidine blue, cresyl blue, or methylene 
FIGURE 8  Electron micrographs of a  vitally stained KB cell  with light prinmry damage 
min after laser irradiation (incident energy 0.01  joule).  JGB  (4  X  10  -5)  44  min  prior 
to  irradiation. 
FIGURE 8 a  A section of the whole cell  in which the primary laser damage is visible as 
a  black mass  (arrow)  in the cytoplasm.  X  ~670. 
FIGURE 8 b  An enlargement of the area marked by the arrow in Fig. 8 a showing electron- 
opaque material within the remnants of the mitochondria; portions of cristae are visible. 
The mitochondrion on the left is only partially altered.  X 55,000. 
FIGURE 8  e  An enlarged portion of an unirradiated  part  (double-shafted arrow)  of the 
whole cell  shown  in Fig.  8  a.  Notice  intact cell structures.  X  30,000. 
FIGURE 8 d  The irradiated area in another section. The restriction of the primary damage 
to  the mitochondria is  clearly evident.  X 58,500. 
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organdies were observed; the irradiated area was 
uniformly  covered  with  loose  electron-opaque 
material  containing  membrane  fragments.  Ap- 
parently  all  cell  structures  at  the  irradiated  site 
were  affected,  including  the  polysomes.  In  one 
case  the  double  lamellae  of the  Golgi  apparatus 
that were situated in the periphery of the irradiated 
field were involved.  In one fibroblast stained with 
cresyl blue, however, there seemed to be a selective 
conversion  of  the  Golgi  lamellae  into  electron- 
opaque  material,  whereas the centriole and  other 
adjacent  cell  structures  apparently  were  un- 
affected;  all  cell  components  in  this  particular 
case  showed  secondary  damage.  The  secondary 
damage  found  in  cells  of this  group  was  similar 
to that reported for JGB-sensitized ceils. 
Controls 
Unirradiated  cells,  taken  from  the  same  slide 
as  the  irradiated  ones  that  have  been  described, 
served  as  controls.  Fig.  11  shows  a  portion  of a 
typical  KB control cell;  Fig.  14,  part  of a  typical 
fibroblast.  All  cells  were  morphologically  intact, 
even  in  those  cases  where  the  irradiation  of the 
neighbor  cells  was  carried  out  very  close  to  the 
control cell's membrane, i.e., the distance between 
the primary damage and the unirradiated cell was 
approximately  five  to  ten  times less  than  that  to 
the distal pole of the irradiated cell. 
Irradiation  of  Unstained  Cells 
In  this  group  4  cells,  whose  cytoplasm  had 
been irradiated with maximum laser intensity (0.5 
joule),  were  examined.  All  showed  intact  struc- 
tures  with  no  detectable  signs  of  primary  or 
secondary damage. 
DISCUSSION 
Different  vital  stains  in  nontoxic  concentrations 
were  used  to  mediate  interactions  between  a 
localized  ruby laser microbeam and  organelles  of 
single  living  cells.  The  selective  conversion  of 
mitochondria  to  electron-opaque  masses  in  cells 
sensitized with JGB was due,  almost certainly,  to 
absorption  of  energy  by  the  stained  organelles, 
since  irradiation  of  nonvitally  stained  cells  with 
an  even  greater  energy  flux  did  not  produce 
such alterations. JGB is reduced  to its leuco form 
in a  living cell by the nicotinamide-adenine dinu- 
cleotide  flavoprotein  system  (9).  Being  a  basic 
stain, it has an affinity for electronegative cell con- 
stituents,  one of which is the mitochondrion.  It is 
only  in  the  mitochondrion,  however,  that  leuco- 
JGB is reoxidized to the colored form by the cyto- 
chrome system. Under these conditions it becomes 
a  chromophore capable  of absorbing red  light.  If 
concentrations  and  low  doses  of laser energy  are 
employed,  their  interaction  is  restricted  to  the 
mitochondria.  In  cases  where  only  portions  of 
mitochondria  are  damaged,  presumably just  the 
altered  part of the organelle contained reoxidized 
dye.  With  strong  dye  concentrations  and  high 
laser  flux,  interactions  with  traces  of  unreduced 
stain in the hyaloplasm or in the nucleus of living 
leucocytes  were  observed  (6).  This  same  mecha- 
nism  probably  accounts  for  the  involvement  of 
the nucleus and other cell structures in the present 
study when heavy primary damage was produced 
in KB cells or fibroblasts. 
FIGUrtE  9  Electron  mierographs  of  a  KB  cell  with  moderate  prinlary  damage  1  rain 
after  laser  irradiation  (incident energy  0.09~  joule).  JGB  (6  X  10  -5)  43  rain  prior  to 
irradiation. 
FIGURE 9 a  The arrow points to a  black inass in the cytoplasm produced as a  result of 
the laser interaction. Part of the cell  indicated by the double-shafted arrow is inagnified 
in Fig.  10.  X 3000. 
FIGURE 9  b  An enlargenient of the primary  itamage shown in Fig.  9  a.  Renmants  of 
mitochondrial meuibranes are  visible on the periphery of  the central inass of electron- 
opaque  material. Three other mitochondria containing smaller amounts of the electron- 
opaque  substance are nearby.  X  6~,000. 
FIGImE 9 e  Another section through the irradiated site shows other (at least five) dainaged 
mitochondria. X  5~,000. 
20  TIIE  JOURNAL OF  CELL BIOLOGY - VOLUME 31,  1966 STOI{B, AMY, WERTZ, FAUCONNIER, AND BESSIS  Cells Irradiated with Mic~robeam  21 FIGURE 10  A  portion of an unirradiated part of the cell illustrated in Fig. 9  a  (double-shafted arrow) 
showing secondary nfitochondrial damage. It is characterized by much swelling, loss of cristae, lightening 
of the matrix, and the occurrence of small electron-opaque masses on the inner membrane.  X  45,500. 
FIGUnE 11  Typical nfitochondria of an unirradiated control cell from the same slide as shown in Figs. 9 
and 10,  X  48,500. 
FIGUnE 12  Electron nficrographs of a BHK21-C13 fihroblast cell with moderate primary 
damage  1  rain  after  laser  irradiation  (incident  e~mrgy  0.020  joule).  JGB  (10  -5) 
54 min prior to irradiation. (Tlm viruslike structures in the ergastoplasm sacs are probably 
identical  with  the  viruses described by Bernhard  et al.  (4).) 
FIGURE 12  a  In this section of the whole cell, the arrow points to black granules pro- 
duced as  a  result  of laser  interaction.  Part  of the  cell indicated by  the  double-shafted 
arrow is magnified in Fig.  13.  >( 2,175. 
FIGURE 12 b  An enlarged portion of the site of interaction showing several altered mito- 
chondria;  renmants  of double  membranes are recognizable.  )< 44,000. 
FIGURE  12  C  In  another  section only  two  mitochondria  showing primary  damage  are 
visible. X  56,500. 
FIGURE 1~  d  A  nonirradiated portion of the cell shown in Fig.  12  a.  Mitochondria ex- 
hibit secondary damage similar to that described for the KB cell in Fig.  10.  Some frag- 
ments  of cristae  can  be  observed on  the  inner membrane.  X  37,000. 
22  THE  JOURNAL  OF  CELL  BIOLOGY •  VOLUME  31,  1966 STORB, AMY, WERTZ, FAUCONNIER, AND BESSIS  Cells Irradiated with Microbeam  23 FIGURE  13  An enlarged  portion  of Fig.  1~2  a  (double-shafted arrow)  showing mitoehondria with  sec- 
ondary  damage having cristae  but  containing many electron-opaque granules.  X  41,500. 
FIGURE 14  Mitochondria of an unirradiated fibroblast from the same slide as shown in Figs. 1~ and 13. 
)< 47,500. 
FIGURE  15  Electron  mierographs  of  a  KB  cell  with  moderate  primary  damage  4  hr 
e~  rain  after  irradiation  (incident  energy  0.091  joule).  JGB  (10  -~)  applied  1  hr  5  min 
prior to  irradiation. 
FIGURE 15 a  A section of the wbole cell with the arrow pointing to tile site of interaction. 
X  1300. 
FIGURE  1,5  b  An  enlargement  of  the  site  of  interaction  several  sections closer to  the 
lower cell membrane than that shown in Fig. 15 a. The electron-opaque material is loosely 
scattered  over  the  whole field;  it  is  present in  two mitochondria  (lower left)  with  pre- 
served cristae  and  in  one  mitochondrion  (lower center)  in  which  only  inner  and  outer 
membranes are preserved. Other electron-opaque material is surrounded by simple mem- 
branes  or  is  only  loosely connected with  membrane  fragments.  X  36,000. 
FIGURE 15  c  Another section of the mitochondrion in Fig.  15  b  (arrow).  In this plane, 
laser-stain interaction took place  in  another part  of the organelle.  ×  18,500. 
FIGURE 15 d.  The mitochondria from an unirradiated part of the same cell have a typical 
appearance.  Secondary  damage  observable  immediately  after  irradiation  is  no  longer 
visible. X  74,500. 
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with  given  cell  organelles  when  the  other  four 
basic vital stains were employed. All cell structures 
subjected  directly  to  the  beam  seemed  to  absorb 
laser  energy.  ]-his  agrees  with  the  concept  that 
these dyes undergo an adsorptive binding with all 
electronegative cell constituents, e.g., nucleic acids, 
mucopolysaccharides,  and  phospholipids  (for  the 
literature  see  reference  31).  Selective  absorption 
by the Golgi lamellae was found in only one case, 
the  organelle  having  apparently  fixed  greater 
amounts  of dye than  the adjacent cell structures. 
The nature  of the electron-opaque material in- 
duced  by laser-stain  interaction  in  the  mitochon- 
dria  is  still  unknown.  Probably  it  consists  of de- 
natured  lipids  or  proteins  produced  as  a  conse- 
quence of the development of intense heat caused 
by energy transfer in the area of laser absorption. 
The  temperature  and  duration  of  the  heat  in- 
duced at the irradiation site in our system are not 
known.  In  melanoma  tissue  subjected  to  a  high- 
power neodymium laser  (337 joules)  with a  pulse 
duration  of  500  #see,  temperatures  from  85  to 
395°C,  enduring  for  300  #see,  have  been  meas- 
ured  (19). 
In cells with light primary damage,  no second- 
ary damage could be demonstrated.  All cell struc- 
tures  other  than  the  mitochondria  at  the  site  of 
interaction  were  morphologically intact.  Most  of 
these  cells survived the  irradiation  but  only 60% 
of them  divided  (3),  indicating  that  there  was  a 
severe disturbance  of cell  metabolism  which  was 
not detectable morphologically. A slight regression 
of RNA  synthesis  could  be  shown  (35),  whereas 
several oxidative enzyme systems were intact  (32). 
In  cells  with  moderate  primary  damage,  sec- 
ondary  radiation  damage,  restricted  to  the  mito- 
chondria  outside  of the  irradiated  area,  was  ob- 
served.  All  such  organelles,  even those  separated 
from  the  primary  damage  by  the  nucleus,  had 
lost their  conventional  structure.  In only 3  of 32 
cells  examined,  a  few  mitochondria  with  cristae, 
but  containing  an  abnormally  large  number  of 
electron-opaque  granules,  were  found.  These 
mitochondria were similar to those that have been 
observed in the cells of the duodenal  wall after in- 
creased  aLsorption  of sodium and  potassium  (34), 
in  kidney  tubule  cells  of mice  after  injection  of 
albumin (23), and in pancreas cells of fasted guinea 
pigs (21).  It seems that the secondary alteration is 
more than simple mitochondrial swelling. Rouiller 
(27)  distinguishes  between reversible swelling and 
more pronounced mitochondrial alterations which 
he  thinks  are  irreversible.  He  divides  the  former 
type into  two categories.  In the first,  the conven- 
tional  structures  are preserved  and  the organelles 
are easily recognized; the cristae are shorter  than 
normal,  and  the matrix appears  to be diluted.  He 
regards water imbibition as the cause of this  kind 
of swelling.  In the second  and  less frequent type, 
the mitochondria  are more dense due to the con- 
centration  of their  substance.  In  Fig.  8  of Rouil- 
ler's  article,  cristae  were  rendered  less visible by 
the increased  density  of the  matrix.  Normal  and 
swollen mitochondria  can  be  present in the same 
cell.  ~fhe  secondary  damage  in  our  irradiated 
cells seems more like that  which Rouiller regards 
as  irreversible.  The  latter  mainly  involves  the 
cristae  "which,  through  vesiculation,  break  up 
into  granulations  and  disappear"  and  the matrix 
"which  assumes  a  roughly  granular,  filamentous 
appearance  or  else  is  converted  into  osmiophilic 
masses."  It is, therefore,  surprising  that  the mito- 
chondria in our irradiated cells apparently recover 
morphologically within 2 to 4  hr after irradiation. 
The  mechanism  which  evokes secondary  mito- 
chondrial  damage  within  30  sec  after  irradiation 
is difficult to  explain.  Mitochondria  appear  to  be 
more  sensitive  to  deleterious  influences,  which 
spread  from a  center  of primary  damage  to  non- 
irradiated  regions, than  other organelles.  In a  cell 
irradiated  in  a  circumscribed  area  with  a  small 
dose of alpha particles from a  focused microbeam, 
those mitochondria located in nonirradiated  parts 
of  the  cell  are  the  first  cellular  constituents  to 
undergo  alteration  (8).  The  secondary  mitochon- 
drial  damage  in  our  system  is  apparently  not 
linked  to  the  use  of  the  selective  mitochondrial 
stain Janus green B, since it appears  to be similar 
with  all  five  vital  stains  used.  This  fact  would 
exclude  also  the  possibility  that  the  observed 
secondary effects result from a  "spreading"  of the 
beam  to  an  area  greater  than  6  #.  Further  evi- 
dence  for  this  contention  is  provided  by  the  ob- 
servation  that,  even  if  the  primary  damage  is 
localized 4  to 6/~ from an  unirradiated  neighbor- 
ing  cell,  this  cell  shows  normal  mitochondria; 
however,  the  mitochondria  in  the irradiated  cell, 
often  up  to  50  /z  from  the  site  of  the  primary 
damage, show secondary damage. 
The  rupture  of the  cell membrane,  observable 
in  Clegg's  cells  (8),  can  be  excluded  as  a  con- 
tributing  cause  of the  secondary  damage  seen  in 
the present  study.  Vertical sections show that  the 
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and  lower  cell  membranes,  both  of  which  are 
morphologically intact.  Furthermore,  no  trypan 
blue penetration can be demonstrated (32). 
An argument against the  involvement of heat 
conduction in the production of secondary damage 
is the fact that the primary damage, i.e.,  the area 
to  which short  term  (<500  #sec)  heat  develop- 
ment  by  energy  transfer  is  restricted,  is  only 
1/~00  to  1/~00 of  the  volume  of  the  whole  cell. 
Under  these  circumstances,  conduction  could 
result in a  final average increase of the cell  tem- 
perature,  ranging from  not  more  than  0.25 °  to 
2.0°C  and lasting a  short period  of time,  if one 
uses  the  figures  given  by  Minton  et  al.  (19). 
Necessarily,  the  temperature  must  be  higher  in 
the  immediate  vicinity of  the  lesion;  however, 
there  is  no  morphological  evidence  for  a  heat 
gradient. Mitochondria in all cell  parts show  the 
same degree of secondary damage.  Limitation of 
the heat to the site of interaction seems to be true 
even  at  the  mitochondrial  level.  Mitochondria 
which  had  interacted  only  to  a  limited  extent 
with  the  laser  are  not necessarily destroyed  but 
can  apparently  recover.  Several  hours  after  ir- 
radiation  they  show  normal  morphology,  aside 
from the small electron-opaque mass marking the 
site  of  primary  damage.  Further  corroborative 
evidence comes  from  the  work  of Mendelson et 
al.  (18),  who made skin irradiations with a high- 
power  ruby  laser.  They  believe  that  the  heat 
remains strictly limited to the site  of interaction, 
in spite of its high intensity. 
Pressure  waves  emanating from  the irradiated 
area  after  exposure  of  living  tissue  to  high- 
intensity ruby laser radiation have been observed 
(1,  18). Mendelson et al.  (18) reported that these 
low-intensity waves  are  stopped  rapidly  by  the 
surrounding tissue  and  thus  produce no biologi- 
cally important  effect.  In  the  cells  used  in  the 
present study, one would expect that the adjacent 
portions of a  control cell would be affected  more 
severely by the eventual effects of the waves than 
the  distal pole of the  irradiated  cell.  This argu- 
ment is valid only if one assumes that conduction 
through  two  cell  membranes  is  as  efficient  as 
conduction through or around the nucleus which 
separates the distal pole from the primary damage 
site. 
Shrinkage  of  the  primary  interacting  mito- 
chondria  may  produce  mechanical  stresses, but 
these,  as  well  as other physical forces  that might 
be involved, are difficult to evaluate. 
Derr  et  al.  (10),  who  irradiated  the  skin  of 
black  mice  with  a  100 joule  ruby  laser,  found 
free  radicals  in  the  irradiated  area.  Since  the 
probability  of  a  free  radical  reacting  with  a 
cellular  constituent is  great,  its  range  must  be 
very limited. The latter was estimated to be 16 to 
30 A  in the case  of irradiation with alpha parti- 
cles  (7,  8,  13). Secondary damage far  from  the 
site of laser interaction could hardly be attributed 
to this phenomenon. 
Clegg  (8),  who  irradiated  chick  fibroblasts 
with  an  alpha  particle  microbeam,  discusses 
changes  of pH,  as  a  consequence of short  term 
local heat development (to  100°C)  at the site  of 
irradiation, as possible causes of damage in distant 
cell  structures.  This may contribute to  observed 
secondary  damage  in  our  cells.  In  addition, 
ammonia,  CO,  and  CO2,  together  with  H20 
vapor, may be found in the temporary gas bubble 
often  formed  at  the  site  of primary interaction. 
The rapid diffusion of these  substances may have 
direct toxic  effects on the organelles of the whole 
cell. 
In spite  of the  extensive secondary mitochon- 
drial  damage  observed  in  our  irradiated  cells, 
there is a normal histochemical activity of a series 
of oxidative enzymes in such cells (32).  However, 
the mitochondrial alterations may be accompanied 
by  a  temporary  uncoupling of  phosphorylation 
and  oxidation because  of  the  close  relationship 
between mitochondrial morphology and oxidative 
phosphorylation  (for  the  literature see  reference 
20). This may be one explanation for the decrease 
of RNA synthesis in these cells (35). Although the 
mitochondria  in  cells  with  moderate  primary 
damage  have  morphologically  recovered  from 
secondary radiation damage after 2 to 4 hr, there 
is strong evidence for  irreversible cell damage at 
the  molecular level.  Four  hours  after  moderate 
laser damage, only 35 % of the cells returned to a 
normal rate  of RNA  synthesis.  The rest  showed 
either sharply decreased  synthesis  (10%  of cells) 
or activity approaching zero  (55% of cells)  (35). 
Indeed,  the  majority of the  cells  die  within the 
first 24 hr after irradiation (3); also, the cells that 
survived for 24 hr do not undergo division although 
their ultrastructure at 24 hr is virtually the same 
as that of unirradiated controls. 
In  cells  with  heavy  primary  damage,  drastic 
secondary alteration of all cell structures  except 
STo~s, AMr, WEaTZ, FAVCOmCXER, AND BESSIS  Cells  Irradiated with Mierobeam  27 centrioles  and  microfibrils  was  found.  Such  cells 
exhibit  decrease  or  absence  of oxidative  enzyme 
activity (32), the incorporation of uridine-H  3 aver- 
ages  27%  of  that  of  unirradiated  controls  (35); 
cell death in most cases occurs within 2  hr postir- 
radiation (3). 
The massive secondary damage of all cell struc- 
tures  in  cells  exhibiting  heavy  primary  damage 
seems  to  be  associated  with  the  rupture  of  the 
cell  membrane,  which  occurred  in  the  majority 
of  the  cells,  over  the  site  of interactmn.  This  is 
corroborated  by  trypan  blue  penetration  studies 
(32).  Whether  or  not  the  rupture  is due  to  laser 
interaction with traces  of unreduced JGB  on the 
membranes is difficult to say. As a  consequence of 
the membrane damage,  water and ions penetrate 
the  cell  while cell  substances  (proteins)  probably 
leave  it.  Such  a  phenomenon,  also  found  in  ir- 
radiated  erythrocytes,  parallels  a  loss  of contrast 
seen  in  time  lapse  films.  The  resulting  drastic 
change of the internal cell milieu probably causes 
the  irreversible  secondary  damage  of  all  cell 
structures. 
REFERENCES 
I.  AMAR,  L.,  BRUMA,  M.,  VELGHE,  M.,  and 
DESVIONES,  P.,  On  the  detection  of  LASER 
induced  ultrasonic  waves  in  the  human  eye 
and the elaboration of a  theory on the funda- 
mental mechanism of vision, Z.  Angew.  Math. 
u. Physik,  1965,  16, 182. 
2.  AMY, R.  L.,  and STORB, R.,  Selective mitochon- 
drial damage by a  ruby laser  microbeam: an 
electron  microscopic  study,  Science,  1965, 
I50,  756. 
3.  AMY, R.  L.,  STORB, R.,  WERTZ, R.  K.,  and 
FAUCONNI~R, B., Exp. Cell Research, in press. 
4.  BERNHARD,  W.,  and  TOURNIER,  P.,  Infection 
virale  inapparente  des  cellules  de  hamster 
d6eelfie  par  la  microscopic  61ectronique,  Ann. 
Inst.  Pasteur,  1964,  107,  447. 
5.  BESSIS, M., GIRES, F., MAYER, Q., and NOMARSKI, 
G.,  Irradiation  des  organites  cellulaires  a 
l'aide d'un LASER  a  rubis, Compt. rend. Acad. 
Sc., 1962,  255,  1010. 
6.  BEssIs, M.,  and STORB, R.,  Sensibilit~ des leuco- 
cytes  au  LASER  a  rubis  apr~s  diff~rentes 
colorations vitales,  Nouv. Rev. Franf.  Hernatol., 
1965,  5, 459. 
7.  BttATTACHARJEE,  S.  B.,  and  DAS  GUPTA,  N.  N., 
Diffusion distance of the radicals produced by 
ionizing radiation  in  cells.  Radiation  Research, 
1962,  16, 773. 
d,  CLEOG, M.  D.,  The electron microscopy of cells 
The  authors  would  like  to  acknowledge  the  many 
helpful  suggestions  of  Dr.  Janine  Breton-Gorius. 
They are thankful for the excellent photographic work 
of  Mine.  Grivel  and  M.  de  Pastel. 
Present addresses of the authors are as follows : Dr. 
Storb,  the  Department  of  Medicine,  University  of 
Washington,  School of Medicine,  Seattle; Dr.  Amy, 
the Biology Department,  Southwestern at Memphis, 
Memphis, Tennessee; Dr.  Wertz,  the Department of 
Surgical Pathology, Mayo Clinic, Rochester, Minne- 
sota; Dr. Fauconnier, Service du Virus,  Institut Pas- 
teur,  Paris,  France;  and  Dr.  Bessis,  Institut  de 
Pathologic Cellulaire,  H6pital Bic~tre, Paris,  France. 
Dr.  Storb was  supported by  a  NATO  fellowship; 
Dr.  Amy  by  a  United  States  Public  Health Service 
fellowship (6 F3 HD-24,094-01  A1) from the Institute 
of Child Health and Human Development; and Dr. 
Wertz  by  a  United  States  Public  Health  Service 
fellowship  (1-F2-CA-22,423-01)  from  the  National 
Cancer  Institute. 
Received for publication 29 March  I966. 
irradiated  with  a  lnicrobeam  of  alpha  par- 
ticles,  J.  Roy.  Micr.  Soc., 1964,  83,  433. 
9.  COOPERSTaIN, S.  J.,  and  LAZAROW, A.,  Studies 
on  the  mechanism of Janus  green B  staining 
of  mitochondria.  III.  Reduction  of  Janus 
green B  by isolated enzyme systems,  Exp.  Cell 
Research,  1953,  5,  82. 
10.  DERR, V.  E.,  KLEIN, E.,  and  FINE, S.,  Free 
radical occurrence in some LASER irradiated 
biological  materials,  Fed.  Proc.,  1965,  24, 
suppl.  14,  99. 
11.  EAGLE, H.,  Propagation  in  fluid  medium  of 
human  epidermoid  carcinoma,  strain  KB, 
Proc. Soc. Exp. Biol. and Med.,  1955,  89, 362. 
12.  EAGLE, H.,  Minimum  vitamin requirements  of 
L  and HeLa cells in tissue culture, production 
of specific vitamin deficiencies, and their cure, 
J.  Exp.  Med.,  1955,  102,  595. 
13.  HUTCHINSON,  F.,  The  distance  that  a  radical 
formed by ionizing radiation can diffuse in a 
yeast cell, Radiation Research, 1957,  7,473. 
14.  LE~INE,  P.,  SmZEWlCZ, P.,  DANIEL,  P.,  and 
PICCAUD,  M.,  Cultures  cellulaires  dans  un 
milieu utilisant l'hydrolysat de casfiine comme 
source  d'acides  amines,  Ann.  Inst.  Pasteur, 
1956,  90,654. 
15.  LUI~T, J.  H.,  Improvements in epoxy  resin em- 
bedding,  J.  Biophysic.  and  Biochem.  Cytol., 
1961,  9,  409. 
28  THE  JOURNAL OF  CELL  BIOLOGY '  VOLUME 31,  1966 16.  MAcPHERSON,  I.,  and  STOKER, M.,  Polyoma 
transformation  of  hamster  cell  clones--an 
investigation  of  genetic  factors  affecting  cell 
competence,  Virology,  1962,  16,  147. 
17.  MALT,  R.  A.,  Effects  of  LASER  radiation  on 
subcellular  components,  Fed. Proc., 1965,  24, 
suppl.  14,  122. 
18.  MENDELSON, J.  A.,  and ACKERMAN, N.  B.,  Study 
of  biologically  significant  forces  following 
LASER  irradiation,  Fed.  Proc.,  1965,  24, 
suppl.  14,  111. 
19.  MINTON,  J.  P.,  ZELEN, M.,  and  KETCItAM, 
A.  S.,  Experimental  results  from  exposure  of 
Cloudman  S91  melanoma  in  the  CDBA/2Ft 
hybrid  mouse  to  neodymium  or  ruby  laser 
irradiation,  Ann.  New  York  Acad. Sc.,  1965, 
122,  759. 
20.  NOVlKOFF,  A.  B.,  Mitochondria,  in  The  Cell, 
(J.  Brachet  and  A.  E.  Mirsky,  editors),  New 
York,  Academic Press  Inc.,  1961,  2,  299. 
21.  PALADE,  G.  E.,  in  Subcellular  Particles,  (T. 
Hayashi,  editor)  New  York,  The  Ronald 
Press  Company,  1959,  64. 
22.  REYNOLDS, E. S., The use of lead citrate at high 
pH  as  an  electron-opaque  stain  in  electron 
microscopy,  J.  Cell  Biol.,  1963,  17,  208. 
23.  RHODIN, J.,  Correlation  of  ultrastructural  or- 
ganization  and  function  in  normal  and  ex- 
perimentally  changed  proximal  convoluted 
tubule  cells  of the  mouse  kidney,  Karolinska 
Institut,  Aktiebolag  Godvil,  Stockholm, 
1954,  76. 
24.  ROBBINS, E.,  and  GONATAS, N.  K.,  The  ultra- 
structure  of  a  mammalian  cell  during  the 
mitotic  cycle,  J.  Cell  Biol.,  1964,  21,  429. 
25.  RosE, G. G., A separable and multipurpose tissue 
culture  chamber,  Texas  Rep.  Biol.  and  Med, 
1954,  12,  1074. 
26.  ROSE,  G.  G.,  Nuclear  folds  versus  intranuclear 
inclusions  in  tissue  cultures,  J.  Roy.  Micr. 
Soc., 1964,  83,377. 
27.  ROUILLER,  C.,  Physiological  and  pathological 
changes  in  mitochondrial  morphology, 
Internat. Rev. Cytol.,  1960,  9, 227. 
28.  ROUNDS, D.  E.,  Effects  of LASER  radiation on 
cell  cultures,  Fed.  Proc.,  1965,  24,  suppl. 
14,  116. 
29.  ROUNDS,  D.  E.,  CHAMBERLAIN,  E.  C.,  and 
OKIOAKI, T.,  LASER  radiation of tissue  cul- 
tures,  Ann.  New  York Acad. Sc., 1965,  122, 713. 
30.  SAKS, N.  M.,  ZUZOLO, R.  C.,  and KoPAc,  M. J., 
Microsurgery  of living cells  by ruby  LASER 
irradiation,  Ann.  New  York  Acad. Sc.,  1965, 
122,  695. 
31.  STORB, R.,  La  coloration  vitale  des  organelles 
cellulaires,  Nouv. Rev. Franf.  Hematol.,  1965, 
5, 475. 
32.  STORB, R.,  WERTZ, R.  K.,  and  AMY, R.  L., 
Exp. Cell Research, in press. 
33.  ULRICH,  H.,  Die  Bedeutung  von  Kern  und 
Plasma  bei  der  Abt6tung  des  Drosophila  Eis 
durch  Roentgen  Strahlen,  Naturwissenschaften, 
1955,  42,  468. 
34.  WEiss,  J.  M.,  Mitoehondrial  changes  induced 
by  potassium  and  sodium  in  the  duodenal 
absorptive  cell  as  studied  with  the  electron 
microscope,  J.  Exp.  A~fed., 1955,  102,  783. 
35.  WERTZ, R.  K.,  STORB,  R.,  and  AMy,  R.  L., 
Exp. Cell Research, in press. 
STORB, AMY, WF.a~TZ, FAUCONNIER, AND  BESSlS  Cells  Irradiated  with Microbeam  29 